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ABSTRACT 
 
The selection and formulation of binder systems play an important role in 
powder injection moulding (PIM). The rheological properties of feedstock 
need to be controlled due to preventing any formation of defects during 
injection, debinding and sintering. For this study, the Hydroxyapatite (HA) 
feedstock was prepared by mixing with 40 vol% Palm Stearin (PS) and 60 
vol% Polyethelyne (PE) binder system. Three feedstocks (F1, F2 and F3) at 
different powder loadings of 54, 55 and 56 vol%, respectively, were mixed 
using brabender mixer. The rheological properties of feedstock such as flow 
behaviour index, flow activation energy, and mouldability of the feedstocks 
were determined with a capillary rheometer. It was found that, all feedstocks 
exhibited pseudoplastic flow, which is an important requirement in PIM. The 
three feedstock flow behaviour indexes were n (0.16-0.24), and flow 
activation energies; E at shear rate at 1000s-1 was 5.36, 6.91 and 14.35 
kJ/mol. In addition, F3 was found to be able to be injected in a wide range of 
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temperature due to its low-flow  behaviour index, low activation energy, and 
high mouldability index gathered from the rheological test. 
 
 
Introduction 
 
Hydroxyapatite Ca10(PO4)6(OH)2 is an inorganic component that is 
chemically and crystallographically identical to a natural bone. The 
hydroxyapatite (HA) is an extremely compatible material for the biomedical 
applications, especially the orthopedic implantation. It is a greatly bioactive 
materials that allows new bones to grow from the natural bone at the implant 
[1]. In vivo, study shows that the biological apatite layer was found on the 
surface of hydroxyapatite implant. This study also reported that an apatite 
deposition was found either interacting or interlocking between the synthetic 
hydroxyapatite and natural bone tissue existed [2]. The excellent capabilities 
of HA cause this material to become an important bioceramic material for the 
implantation purpose. In powder metallurgy (PM), the processing of HA is 
mostly associated with plasma spraying [3], cold or hot isostatic pressing [4] 
and powder injection moulding (PIM) [5]–[7].  
Due to increasing demands, it was found that PIM was the most 
suitable processing due to its mass production and complexity shaping of 
parts [8]. Moreover, the injectable of HA depends on the selection of binder 
systems, in  which several studies have reported the used of high density 
polyethylene (HDPE), polyetheretherketone (PEEK), poly methyl 
methacrylate (PMMA), poly (L-lactide) (PLLA), palm stearin (PS), stearic 
acid (SA), paraffin wax (PW), EVA and collagen [5]–[7]. Khor et. al [9] 
reported that the use of HA polymer matrix (HA/HDPE) with 40% volume 
HA achieved a good dispersion through extensive equipment such twin screw 
extruder and centrifugal milling machine. Meanwhile, the HA/PLLA 
composite provides sufficient mechanical support during the healing period. 
However, such composite is not resistant under high loading condition. In 
addition, it is reported that HA/PMMA composite shows poor mechanical 
properties of structure [10], which is due to the interfacial adhesion between 
the HA particles and the polymer matrix [5]. Other than that, the situation is 
also believed to take place because of higher absorption of HA than metal 
during the mixing process.  
Many studies have reported on the selection and function of binders in 
PIM. Karatas et al. [11], reported that rheological properties and behaviours 
of PE, PW and SA as a binder formulation system mixed showed a good 
feedstock behaviour with 50 vol% of steatite powder. Furthermore, Meng et 
al. [12], found that the feedstocks of 50 to 56vol% sub micron Al2O3 powder 
with a formulated binder system of LDPE, EVA, PW, and SA exhibited a 
pseudo-plastic behaviour in a temperature range of 130oC to 160oC. Foudzi 
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et. al [13] has reported that the dilatant flow behaviour whose viscosity 
ranges  from 10 to 40 Pa.s was obtained when 50 nm yttria stabilized zirconia 
(YSZ) powders with palm stearin (PS) and polypropylene (PP) at different 
powder loadings of 37 to 43vol%. The ability of palm stearin in providing a 
capillary route for removing the polymer during the debinding stage prior to 
sintering has been confirmed. In addition, the low cost, wide availability and 
good properties of palm stearin made it a suitable binder system [13]–[15]. 
The rheological studies have been conducted on the HA mixed with 
polymers (HDPE) have shown that the feedstock exhibits pseudoplastic flow 
at low to moderate shear rates and a second pseudoplastic region at high-
shear rates [16]. The calcination and subsequent milling of HA led to an 
improvement in the rheological properties of HA/binder suspensions. It 
follows from this dependence that the suspension had rheological properties 
where it is suitable for injection moulding, even with HA content of up to 60 
vol% [7]. The rheological properties of commercialized HA powder with 70 
wt% PS and 30 wt% PE binder reported that pseudoplastic was existed and 
the feedstock can be injected as low as 150oC to 200 oC [17] .  
The knowledge of the rheological properties of HA is still at a primary 
stage, as this material flow property through PIM processing has been less 
reported. Currently, several research work have been studied in improving a 
bio-ceramic injection moulding process [18]. The purpose of this study is to 
analyse the rheological behaviour of HA with a binder system of PS and PE 
at various volume percentage of powder loadings. The effects of flow 
behavior index, flow activation energy and mouldability with different 
powder loadings will be analysed for injection moulding purposes.  
 
Experimental  
 
Characterization of powder and binder 
The hydroxyapatite (HA) is manufactured by Sigma, Aldrich. Figure 1 shows 
the SEM image of HA powder characteristic. The particle size of the non-
calcined HA powder in agglomeration flake shape was measured using the 
Malvern particle size analyser. The distribution on the particle size and 
density for the HA powder average is 5.3 μm (D50) and 3.3008 g/cm3, 
respectively. Table 1 specifies the binder characteristic of PS and PE binder 
system [6]. The melting and decomposition range temperatures were gathered 
from DSC and TGA test conducted. The DSC test for binders system is 
according to ASTM D3418 (Standard Test Method for Transition 
Temperatures and Enthalpies of Fusion and Crystallization of Polymers by 
Differential Scanning Calorimetric). The tests were carried out to obtain the 
melting temperatures for binders to determine the mixing temperatures as 
well as the solvent debinding temperature. The TGA test was conducted 
according to ASTM E1131 (Standard Test Method for Compositional 
F.M.Salleh et. al. 
 
80 
 
 
Analysis by Thermogravimetry). Such temperature is important to achieve 
the homogeneity of the feedstock during a mixing process. 
 
 
 
Figure 1: SEM image of HA powder 
 
Table 1: Binder characteristic 
 
Binder 
Types 
Density 
(g/cm3) 
Melting Point 
(OC) 
Decomposition 
Range (OC) 
Palm Stearin 0.891 53.97 296.3 -459.1 
Polyethylene 0.91 124.75 406.4-496.3 
 
The preparation of feedstock  
The critical powder volume percentage (CPVP) was obtained by using a 
capillary rheometer based on an ASTM standard D-281-12. It was found that 
the CPVP of the HA powder is 59 vol% powder loading. Since the optimal 
powder loading is 2-5 % of the critical power loading, the powder loadings of 
54, 55 and 56 vol% were used during this study [19]. In this study, a binder 
system of PE and PS is used where the volume percentage is 60 vol% PE and 
40 vol% PS, relatively [20]. The HA-PS/PE feedstock is prepared using the 
brabender mixer at temperature, time and speed of 150oC, 2 hrs and constant 
speed 25 rpm, respectively. Table 3 shows the weight percentage (wt%) 
distribution at each powder loadings. 
 
Table 3: HA-PS/PE binder systems feedstocks 
 
Feedstock Powder Loading 
(vol%) 
HA 
 (wt%) 
PE  
(wt%) 
PS  
(wt%) 
F1 54 81.11 11.33 7.55 
F2 55 81.72 10.97 7.31 
F3 56 82.32 10.61 7.07 
2 µm 
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Rheology 
A RH Rosand 2000 capillary rheometer was used to measure the viscosity of 
HA-PS/PE feedstocks. The rheology test was conducted at four temperatures 
different; 150oC, 160 oC, 170 oC and 180 oC with a capillary die with the 
diameter of 1mm and length of 10mm (L/D=10). The units for viscosity and 
shear rate are Pa.s and 1/s, respectively. 
 
Results and Discussion 
 
Flow Behaviour Index 
The flow behaviour of a feedstock is preferably pseudoplastic where the 
viscosity decreased when the shear rate increased. Such behaviour can be 
calculated using Equation (1). 
 
η = Kγn-1                    (1) 
 
 where η and K is the flow behaviour indexes for viscosity and 
constant. For a feedstock with pseudoplastic flow, the value of η is less than 
1. The correlation between the viscosity and shear rate for each feedstock, F1, 
F2 and F3 based on Equation (1) is shown in Figure 2. The viscosity 
decreases at higher shear rate due to the shear thinning that occurs 
pseudoplastic flow [21]. The range of viscosity and shear rate is 10 to 1200 
Pa.s and 50 to 5000 s-1, respectively. Figure 3 shows the flow behaviour 
index, n at different temperatures; 150 oC, 160 oC, 170 oC and 180 oC for all 
the feedstocks (F1, F2 and F3). It is found that the n value is very less than 1 
such value, indicating that the viscosity depends on upon shear rate [22]. The 
n value, 0.16 to 0.24 was consistently with commercialized HA powder 
reported by Subuki et al. [17]. In addition, it was found that the shear rate 
varies between 100 to 1000 s-1 and the flow is below than 1000 Pa.s which is 
required during injection moulding processing [11]. 
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Figure 2: Correlation between viscosity and shear rate for all the feedstocks 
at different temperatures. 
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Figure 3: Variation of the flow behaviour index, n for all the feedstock at 
different temperatures. 
 
Flow Activation Energy 
The flow activation energy plays an important role in PIM. It represents the 
influence of temperature on the viscosity of the feedstock. During the 
injection process, the flow activation energy of the feedstock is influenced by 
the temperature and can be determined by the Arrhenius equation as shown 
by Equation (2) where, η, ηo, E, R, and T represent mixture viscosity, 
viscosity at reference temperature, flow activation energy, gas constant and 
temperature in Kelvin, K, respectively.  
 
   η = ηo exp (Ε/RT)              (2) 
 
 Based on Eq. (2), the shear rates for each feedstock of F1, F2, and 
F3 are 185.45 s-1, 1000 s-1 and 2304 s-1, respectively. Based on all feedstocks, 
such as shear rates influence the flow activation energy, E (kJ/mol) as shown 
in Figure 4. It shows that the higher value of shear rate gives lower value to 
the flow activation energy. Feedstock with low activation energy is a basic 
requirement for a good processing of PIM. Moreover, the smaller value of E 
indicates less sensitivity of the feedstock towards the temperature, where the 
formations of stress concentration, crack, and distortion of the molded part 
are reduced [13, 22]. 
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Figure 4: Correlation between the viscosity and temperature for all feedstocks 
at different shear rates (s-1) 
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Table 4: Flow activation energy, E kJ/mol for all feedstocks at different shear 
rate (s-1) 
 
Shear rate 
(s-1) 
F1 
(kJ/mol) 
F2 
(kJ/mol) 
F3 
(kJ/mol) 
185.45 17.97 12.11 5.63 
1000 14.35 6.91 5.36 
2304 12.56 4.34 5.21 
 
 
 
 
Figure 5: Relation between viscosity and temperature of feedstocks (F1, F2 
and F3) at shear rate 1000s-1 
 
Mouldabiltiy Index 
A mouldability index αstv, is one of the rheological criteria that can estimate 
the flow efficiency of the feedstocks into the mold. The index can be 
obtained using weir Equation (3) where n, ηo, E and R are flow behaviour 
index, viscosity at reference temperature, activation energy and gas constant, 
respectively.  
 
   α = (109 (n))/ ηo(E/R)                     (3) 
 
Figure 6 shows the correlation of mouldability index with the 
temperature at shear rate 1000 s-1. It shows that the feedstock of 56 vol% (F3) 
gives bigger value of the mouldability index compared to the other 
feedstocks (F1 and F2). This finding is consistent with the previous study 
where the higher value of the mouldability index, (αstv) the better rheological 
properties of the feedstocks [23] 
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Figure 6: Correlation of mouldability index dependence to temperatures 
 
Conclusion 
 
The rheological properties for all the feedstocks of HA-PE/PS exhibit are 
suitable for the PIM processing. The flow behaviour index, n range over 
0.12-0.2 where n < 1 indicates that the pseudoplastic behaviour existed. 
Furthermore, the flow activation energy, E for F1, F2, and F3 was 14.35, 6.91 
and 5.36 kJ/mol at shear rate 1000 s-1, respectively. The F3 at 56 vol% of 
powder loading would be the best feedstock compared with the others. It has 
low value of n where the faster the viscosity of feedstock changes with shear 
rate. The low activation energy, E of F3 is recommended for injection as it 
would have lower sensitivity of viscosity to the temperature in the range of 
150oC to 180oC. The mouldability index shows that F3 is a potential 
feedstock that can be injected and moulded through the temperature range 
studied.  
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